Summary: Investigating the conservation of gene clusters across multiple genomes has become a standard practice in the era of comparative genomics. However, all existing software and databases rely heavily on pre-computation to identify homologous genes by genome-wide comparisons. Such pre-computing strategies lack accuracy and updating the data is computationally intensive. Since most molecular biologists are often interested only in a small cluster of genes, catering to this need, we have developed a webbased software system that allows users to upload a list of genes, perform dynamic search against the genomes of their choices and interactively visualize the gene cluster conservation using a novel multi-genome browser. Our approach avoids expensive genomewide pre-computing and allows users to dynamically change the search criteria to fit their genes of interest. Our system can be customized for any genome sequences. We have applied it to both prokaryotic and eukaryotic genomes to illustrate its usability. Availability: Our software is freely available at
INTRODUCTION
The genomes of both prokaryotic and eukaryotic species contain numerous gene clusters of functionally related genes. For example, in prokaryotes, multiple genes can be organized into operons that are transcribed as polycistronic mRNA. One of the classic operons, the lac operon, consists of three adjacent genes (β-galactosidase, galactoside permease and thiogalactoside transacetylase) required for Escherichia coli and other bacteria to metabolize lactose (Jacob et al., 1960) . In eukaryotes, the well-known Hox gene cluster controls the morphologies on the anterio-posterior body axis during embryonic development in metazoans [see recent review in Lemons and McGinnis (2006) ]. It is of enormous interest to biologists to examine the conservation of such gene clusters across multiple genomes. Consequently, several tools have been developed to allow users to query and/or visualize the gene clusters against multiple genomes (Chaudhuri et al., 2004; Fong et al., 2008; Markowitz et al., 2008; Peterson et al., 2001; Uchiyama et al., 2006) . However, all existing tools rely on the pre-computation of genome-wide orthologs for all gene families. Such strategies suffer from two major limitations. First, distinguishing orthologs from paralogs is a very * To whom correspondence should be addressed. difficult task to automate on a genome-wide scale. Usually, methods for genome-wide ortholog identification are based on identifying reciprocal best BLAST (Altschul et al., 1997) hits by applying certain universal parameters (e.g. BLAST E-value cutoff). However, it is now known that, there are no optimal universal parameters for all the gene families due to differences in evolutionary rates and/or base composition between species (Koski and Golding, 2001; Rodriguez-Trelles et al., 2001) . Another drawback of the pre-computing strategy is that genome-wide comparison is timeconsuming. As a result, when new genomes become available, users often have a long wait until the computationally intensive updates are finished. We observe that most biologists are often only interested in a few gene clusters at a time. Thus, there is no need to perform expensive genome-wide comparisons. Instead, we have developed a web-based system, Comparative Gene Cluster Viewer (CGCV) that allows users to dynamically search their gene clusters against multiple genomes. Because such searches can be done very quickly, on account of a small number of query sequences, users have complete control to explore different search criteria. The results can be interactively visualized via our novel multi-genome browser where the sequence similarity among the members of each gene cluster can be examined manually. Because this strategy employs no pre-computing, the backend of the system is easy to maintain so that users can always search against the latest genomic data.
IMPLEMENTATION
There are two major components of CGCV: a backend database and a web interface. The backend database consists of a set of MySQL relational tables that store the genomic coordinates of the annotated genes (i.e. the start and end position of each gene on the genome). All the genomic sequences (including genome, gene and their protein) are stored in the standard FASTA format files. The web interface consists of a BLAST server and a multi-genome browser. As input, CGCV takes user-supplied query sequences (either DNA or protein corresponding to each gene in the cluster), an E-value cutoff and user-selected databases (either genome, gene or protein sequences of multiple species) (Fig. 1A) . The search first returns a phylogenetic profiling table in which each cell entry is an integer indicating the presence or absence of the homolog of each query sequence in each reference genome (i.e. the number of significant database hits based on the user-specified E-value cutoff) (Fig. 1B) . From the phylogenetic profiling table, users can proceed to a multi-genome browser to display the position of the BLAST (table row) . By default, the table is sorted by the number of clustered genes in the genome. Users can also perform other types of sorting, e.g. by the alphabetic order of the species names. (C) A multi-genome browser displays the position of a phosphate-transport regulation gene cluster (displayed as colored arrows: CC0290-crimson; CC0291-dark magenta; CC0292-olive; CC0293-slate gray; CC0294-dark blue) against three selected bacterial genomes (Maricaulis maris MCS10, Caulobacter crescentus CB15 and Jannaschia sp. CCS1) along with the annotated genes (displayed as teal arrows). Note that gene CC0293 is highly conserved between M.maris MCS10 and C.crescentus CB15, but it may be missing from Jannaschia sp. CCS1. On mouse-over of a displayed gene or query (e.g. the CC0290 matched to M.maris MCS10), a pop-up menu is displayed for zoom and other options, e.g. accessing the detailed BLAST alignment. hits along with the annotated genes in the selected genomes. The unique feature of our multi-genome browser is that it presents the multiple genomes in a single integrated view yet retains the browsing flexibility for individual genomes. For each selected genome, three tracks are displayed: the genome is displayed as a black horizontal bar, annotated genes in dark green filled box with arrows indicating the strand and BLAST hits as different colored arrows (Fig. 1C) . Using the control panel, users can zoom in/out to select specific regions on each genome. Users can also filter the displayed BLAST hits based on a different E-value. Selecting or filtering specific BLAST hits allows users to focus on particular regions of interest that meet certain criteria (e.g. by applying stringent BLAST E-value to exclude potential paralogs, only orthologs may be displayed). Users can move up/down the display of the different genomes (e.g. re-ordering the image so that closely related species are displayed next to each other). In addition to the graphic visualization, users can click on the displayed BLAST hits to manually inspect the quality of the raw BLAST alignments. The identity of the neighboring annotated genes can also be viewed. At our Center, we have applied this system to develop CGCVs for both prokaryotic and eukaryotic datasets. This system can also be freely downloaded in its entirety for use with users' specific datasets. Our software package includes a set of Perl scripts that allows users to automatically synchronize the backend data on a daily basis with any bacterial genomes at GenBank (Benson et al., 2008) or selected eukaryotic genomes at ENSEMBL (Hubbard et al., 2009) . Users can easily change the data source to fit their needs. Advanced users can also modify our code depending on specific analytical needs. For example, although we have chosen the BLAST program as our search engine because of its popularity among biologists and its robustness in sequence comparison, our drawing routines can also be plugged into other sequence comparison programs.
